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The gamma-ray irradiation sensitivity to radiation dose range from 0.5 Gy to 5 Gy and
post-irradiation annealing at room and elevated temperatures have been studied for p-chan-
nel metal-oxide-semiconductor field effect transistors (also known as radiation sensitive field
effect transistors or pMOS dosimeters) with gate oxide thicknesses of 400 nm and 1 pm. The
gate biases during the irradiation were 0 and 5 V and 5 V during the annealing. The radiation
and the post-irradiation sensitivity were followed by measuring the threshold voltage shift,
which was determined by using transfer characteristics in saturation and reader circuit char-
acteristics. The dependence of threshold voltage shift AV on absorbed radiation dose D and
annealing time was assessed. The results show that there is a linear dependence between AV
and D during irradiation, so that the sensitivity can be defined as AV.;/D for the investigated
dose interval. The annealing of irradiated metal-oxide-semiconductor field effect transistors
at different temperatures ranging from room temperature up to 150 °C was performed to
monitor the dosimetric information loss. The results indicated that the dosimeters informa-
tion is saved up to 600 hours at room temperature, whereas the annealing at 150 °C leads to
the complete loss of dosimetric information in the same period of time. The mechanisms re-
sponsible for the threshold voltage shift during the irradiation and the later annealing have
been discussed also.

Key words: RADFET, absorbed radiation dose, gamma irradiation, threshold voltage, annealing

THE GAMMA-RAY IRRADIATION SENSITIVITY AND DOSIMETRIC

INTRODUCTION

It is well known that the ionizing radiation leads
to the degradation of electrical characteristics of many
electronic components and materials [1-4]. A special
attention is focused on metal-oxide-semiconductor
field-effect transistors (MOSFET) [4]. It was shown
that such radiation leads to degradation of some elec-
trical characteristics such as threshold voltage, leak-
age current, and breakdown voltage. Due to this fact,
intensive investigations have been conducted in order
to obtain MOSFET resistant to gamma irradiation. On
the other hand, MOSFET sensitive to ionizing radia-
tion have been developed in order to use them in
dosimetric applications. Most commonly used are ra-
diation sensitive p-channel MOSFET, also known as
RADFET (which is an acronym for RADiation sensi-
tive Field Effect Transistors [5]) as dosimeter have
been used in space technology [6], in modern aircrafts
[7, 8] in nuclear industry [9], in military [10, 11] in ra-
diation therapy [12-14], and in radiology [15-17]. The
major advantage of the RADFET as dosimeter is that
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the radiation-sensitive region, the oxide film, is very
small [18, 19]. The sensing volume is much smaller
than competing integral dose measuring devices, such
as the ionizing chamber, the semiconductor diode or
the thermoluminescent dosimeter (TLD). The smallest
available liquid ionization chamber has sensing vol-
ume of about 2 mm?3, TLD volume is about 1 mm?>,
while the semiconductor diode sensitive volume is
about 0.3 mm? [19]. The RADFET sensitive volume is
typical I pm x 200 pm x 200 pm. Attention is thus be-
ing turned to the use of RADFET especially where the
dosimeter has to be inserted into a confined space,
such as catheter [20, 21]. Also, the RADFET advan-
tages include an immediate, nondestructive readout of
information on the absorbed dose, a very low power
consumption and very competitive price. The
RADFET disadvantages are the need for calibration in
different radiation fields, a relatively low resolution
(starting about 102 Gy), and the non-reusability. The
RADFET cannot be used for the subsequent determi-
nation of ionization dose. Namely, these dosimeters
are only used to measure the maximum dose, which is
determined by the type and sensitivity of RADFET.
When it reaches the maximum radiation dose, these
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dosimeters should be replaced. Our recent investiga-
tions [22, 23] have shown that these dosimeters can be
recovered at room and elevated temperature for fur-
ther measurements of gamma ray irradiation. The sen-
sitivity of RADFET depends on the gate oxide thick-
ness [24, 25], the gate oxide processing [26, 27], the
value of gate bias during the irradiation [25], and the
dose received by the RADFET [28].

The concept of RADFET is based on the
build-up of positive oxide charge in the gate region
when exposed to ionizing radiation. The electrical sig-
nal used as a dosimetric parameter is the threshold
voltage. This parameter exhibits a shift when
RADFET is irradiated. The basic mechanisms respon-
sible for threshold voltage shift have previously been
discussed [29-31]. It is shown that their behavior is a
consequence of following processes: (1) the elec-
tron-hole pair generation, (2) the electron-hole recom-
bination, (3) the hole transport, (4) the deep hole trap-
ping, and (5) the radiation-induced interface and oxide
traps formation. Beside the significant charge of
threshold voltage during the irradiation, the RADFET
mast has insignificant recovery after radiation (the
long-term stability at room temperature), i. e., the in-
formation about absorbed radiation dose mast be
saved.

The aim of this work was to study RADFET sen-
sitivity to gamma-ray irradiation with and without gate
bias during irradiation. The annealing of these
RADFET at room and elevated temperature has also
been investigated in order to track the dosimetric in-
formation for a long time period. The mechanisms re-
sponsible for the threshold voltage shift during the ir-
radiation and the threshold voltage shift of irradiated
RADFET atroom and elevated temperatures were also
investigated.

EXPERIMENTAL DETAILS

The experimental samples were specially de-
signed — the Al-gate p-channel enhanced MOSFET
(RADFET) sensitive to gamma-ray irradiation. The
samples were manufactured by Tyndall National Insti-
tute, Cork, Ireland. The gate oxides thicknesses of
400 nmand 1 pm, respectively, were grown at 1000 °C
in dry oxygen and annealed for 15 min at 1000 °C in
nitrogen. The post-metallization anneal was per-
formed at 440 °C in forming gas for 60 min (a detailed
description of these components can be found on
http://web.tyndall.ie/projects/radfets). Figure 1 shows
asingle layout used in our experiments. The size of the
chipis 1 mm x 1 mm. There are total of four transistors
(R1, R2, R3, and R4) on a single chip. Two of them
have channel width and length of 300 um and 50 pm,
respectively (R1 and R3), while other two have chan-
nel width and length of 690 um and 15 pm (R2 and
R4). The RADFET R1 and R2 are regular four termi-

R1 source R1 gate R1 drain Bulk (all transistors)

R2 drain

R4 drain-gate

R2 source i.:

Bulk (all transistors) Diode

Figure 1. The single chip layout used in this study

nal devices with bulk, gate, drain and source terminals.
The RADFET R3 and R4 have their gates and drains
joint together as well as their bulks and sources and
thus they are two terminal devices and they can easily
be used in reader circuit configuration (see below).
The chip also contains a diode, but it is irrelevant to the
work described in this paper.

The RADFET samples were irradiated using
%0Co beam in the range of absorbed radiation doses
from 0.5 Gyto 5 Gy at absorbed radiation dose rate
0.02 Gy(Si)s~!. The irradiation was performed in the
Secondary Standard Dosimetry Laboratory of the
Vinca Institute of Nuclear Sciences, Belgrade, Serbia.
All measurements were conducted in a climate con-
trolled laboratory environment with an ambient tem-
perature of 20 £ 0.2 °C. The air kerma rate at the refer-
ence point was measured with a calibrated vented 0.6
cm® ionization chamber (Model 30012, PTW,
Freiburg, Germany) and electrometer Unidos (PTW,
Freiburg, Germany). The calibration of the chamber in
terms of air kerma and absorbed dose to water in the
%0Co beam quality had been performed at the Second-
ary Standards Dosimetry Laboratory of the Interna-
tional Atomic Energy Agency (Vienna, Austria). The
calibration constants obtained in this way were trace-
able to BIPM. The values obtained were converted to
the absorbed doses to for relevant material. The sam-
ples were irradiated without the bias on the gate (all
terminals were grounded) and also with the voltage on
the gate V,, =5 V.

After irradiating to radiation dose of 5 Gy we
performed an annealing of RADFET at different tem-
peratures. Namely, the samples were divided into three
groups for each thickness. The first group was an-
nealed at room temperature, the second group was
annealed at 100 °C, while the third was annealed at
150 °C using the Heraeus HEP2 system of temperature
chambers. The gate voltage for all the samples during

annealing was V,,, =5 V.
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Figure 2. The reader circuit configuration for the
threshold voltage measurement

The threshold voltage during irradiation and an-
nealing was determined from transfer characteristics
(Ip)V?— Vg curve. The threshold voltage shift AVy can
be expressed as AV = Vi — V5o, where Vo, is the
threshold voltage before irradiation and Vrp is the
threshold voltage after irradiation. During the anneal-
ing V7 is the threshold voltage after certain annealing
time.

Determining the threshold voltage from the
transfer characteristics helps analyze physical pro-
cesses in RADFET during the irradiation and the sub-
sequent annealing. However, it would be very difficult
to produce a stand-alone instrument that could provide
a fast and accurate dose readout using this method.
Taking this into consideration, additional experiments
were performed where threshold voltage was deter-
mined using RADFET in so-called reader circuit con-
figuration. Figure 2 shows electronic scheme for
reader circuit measurement.

In this configuration, the gate and the drain are
connected together, as well as the bulk and the source.
In this arrangement, a RADFET is treated as the two ter-
minals device. A constant current is forced in the
bulk-source connection, while the gate-drain connec-
tion is grounded. The voltage values obtained for 10 pA
were used to determine the threshold voltage shift. This
value of the current was selected because it was close to
the zero temperature coefficients for our RADFET.
Namely, when reader circuit characteristics are mea-
sured at different temperatures, all of them intersect for
current value of approximately 10 pA. So, the V' read-
out at 10 pA is independent of the temperature.

The transfer and the reader circuit characteristics
were performed by Keithley 4200 Semiconductor

Characterization System (SCS). This system is
equipped with three medium-power source measuring
units (4200 SMU). The source measuring units have
four voltage ranges (200mV, 2V, 20V, and 200 V) and
three current regions (100 pA, 100 mA, and 1 A). One
of the source-measuring units is equipped with a
preamplifier for measuring very small current (in the
order 1 pA).

RESULTS AND DISCUSSION

Figure 3 shows the threshold voltage shift AV as
a function of the absorbed dose D obtained using trans-
fer characteristics in saturation and reader circuit char-
acteristics of RADFET with gate oxide thicknesses of
400 nm and 1 pm when all terminals were grounded
during irradiation (V;, = 0). The agreement between
values of AV obtained from transfer characteristics in
saturation and reader circuit measurements is satisfac-
tory (within 1%), justifying the use of reader circuit
configuration in practical applications. Figure 4 repre-
sents also the dependence as shown in fig. 3, but in the
case when gate bias during irradiation was V., =5 V.

According to the results shown in figs. 3 and 4 it
can be noted that the increase in gate oxide thickness
or in voltage at the gate leads to the increase in sensi-
tivity of RADFET.

The dependence between the AV and D can be
expressed as AV =AD" [32], where 4 is the constant
and 7 is the degree of linearity. Ideally, this depend-
ence is linear, i. e. n=1, where A4 represents the sensi-
tivity AV;/D. The symbols in figs. 3 and 4 represent
experimental values while the solid lines are deter-
mined by fitting the data with expression AV =AD"
forn=1.For RADFET with 400 nm and 1 pm gate ox-
ide thicknesses irradiated with no gate bias (fig. 3), the
values of fitting correlation factors are 0.9981 and

1o B AV; (Ex, 400 nm)
' O AV; (RC, 400 nm)

>
= A
£ 1.0 AV (Ex, 1 pm)
< vV AV (RC, 1um)

0.8+

0.6

0.4-

0.2

0.0

4 5
DIGy]

Figure 3. Threshold voltage shift AV determined using
reader circuit (RC) and extrapolated (Ip)"* — Vg (Ex)
without gate bias during irradiation (Vi = 0 V) for
RADFET with 400 nm and 1 pm gate oxide thickness
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zig{ m AV, (5400 ) sgbstrate (the zero-bias condi.ti'ons are equal to the gate
= 256 A bias of 0.3 V), so the probability for electron-hole re-
£ 244 A A (Bx Lum combination is higher than in the case V;, = 5 V.
2'5} Namely, for Vi, = 5 V the large number of holes will
184 escape the initial recombination than in the case when
1.6 Vi = 0, which further increases the probability for
1"212 their capture at £/, centers and consequently increase
10] positive oxide charge. Such a conclusion is in agree-
0.8 ment with the results presented in figs. 3 and 4. How-
0.6 ever, in thicker oxides for the same irradiation dose a
8::2 larger number of £ ’7 centers is being created, which is
0.0 also in agreement with the results presented in figs. 3
0.2 and 4.

4 5
DGy]

Figure 4. The threshold voltage shift AV determined by
using the extrapolated Up)"? - Vg (Ex) curve for
RADFET with 400 nm and 1 pm gate oxide thickness; the
gate bias during irradiation was V;,, =5V

0.99943, respectively. For RADFET with 400 nm and
1 um gate oxide thicknesses irradiated when gate bias
was 5V (fig. 4), the values of fitting correlation factors
are 0.99947 and 0.9993, respectively. Because the lin-
ear fitting coefficients are very close to one, it can be
assumed that there is a linear dependence between the
AVyand D, that the sensitivity of RADFET is the same
for the dose interval from 0.5 to 5 Gy, and that it can be
expressed as AV4/D.

Our recent investigations [32] for RADFET
used in this paper have shown that the positive oxide
traps in the oxide contributions to the threshold volt-
age shift AV; is dominant. During the irradiation, the
density of positive oxide traps is for more than order of
magnitude higher than the interface traps density
(traps at S1/Si0, interface also known as true interface
traps). Because of that, the further analysis of mecha-
nisms influencing AV during the irradiation and an-
nealing will be focused only on the presence of posi-
tive oxide traps. The increase of AV value during the
irradiation can be most readily explained on the basis
of previously proposed model [33-35]. The crucial
role in this model belongs to the £ '7 center, which is a
weak Si-Si bond in the oxide caused by an oxygen
atom vacancy between two Si atoms, each back
bounded to three oxygen atoms [36]. The £ ;, center
acts as a hole trap and they are located exclusively in
the oxide (fixed traps) and near the S1/SiO, interface
(switching traps). The fixed traps are £ ; centers and
hence incapable of exchanging charge with Si during
the time frame of the measurements, while switching
traps are capable of exchanging the charge with Si
within the measurement time frame.

The number of created positive oxide charge
rises with the number of holes which have avoided re-
combination with electrons. For V,,, =0V (fig. 3), the
electric field in the oxide is only a consequence of the
work function difference between the gate and the

Figures 5 and 6 show the threshold voltage shift
AV during the annealing of RADFET with gate oxide
thickness of 400 nm which were previously irradiated
without gate bias (7}, = 0) and gate bias of V;, =5V,
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Figure S. The threshold voltage shift AV during the
annealing at room temperature at 100 °C and 150 °C for
RADFET with 400 nm gate oxide thickness; during
irradiation gate bias was V. = 0 V and gate bias during
annealing was V,,, =5V
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Figure 6. The threshold voltage shift AVt during
annealing at room temperature at 100 °C and 150 °C for
RADFET with 400 nm gate oxide thickness; during the
irradiation, gate bias was V,.=5V and the gate bias dur-
ing the annealing was V,,, =5V
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Figure 7. The threshold voltage shift AVy during the
annealing at room temperature at 100 °C and 150 °C for
RADFET with 1 pm gate oxide thickness; during the ir-
radiation gate bias was V., =0V and the gate bias during
the annealing was V,,, =5V
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Figure 8. The threshold voltage shift AVy during the
annealing at room temperature at 100 °C and 150 °C for
RADFET with 1 pm gate oxide thickness; during the ir-
radiation, the gate bias was Vi, =5V and the gate bias
during the annealing was V,,, =5V

respectively. Figures 7 and 8 represent the same de-
pendence for RADFET with 1 um gate oxide thick-
ness. The annealing process for these samples was per-
formed at room temperature, at 100 °C, and at 150 °C
with gate bias of V,,,, = 5 V, while the total annealing
time was 600 hours. It can be seen that the AV changes
insignificantly during annealing at room temperature,
i. e. the information on the absorbed dose is saved. The
increase in temperature during annealing decreases
AV values, so annealing at 150 °C decreases the value
of AV, which is close to zero for annealing time of 600
hours. This shows that at this temperature the informa-
tion on the absorbed dose is completely lost. Such be-
havior is in a good agreement with our recently pub-
lished results [22, 23] that these components can

undergo full recovery and therefore can be reused in
dosimetric applications.

The decrease of AV during the annealing at ele-
vated temperatures (figs. 5-8), i. e. the loss of informa-
tion on the absorbed dose is mostly due to the decrease
of positive oxide trapped charge formed by the capture
ofholesat £ 'y centers. Namely, the decrease in the pos-
itive oxide charge density, formed by irradiation, dur-
ing annealing can be caused by field-assisted and ther-
mal-assisted emission of electrons from silicon
[37-39] as well as thermal-assisted emission of elec-
trons from valence bands of the oxide [39]. It is pre-
sumed [40] that there are three energy levels in the
band gap oxide which holds the positive charge radia-
tion defects which make the positive trapped charge
and which make traps centers of electrons. One energy
level can be found in the area of the conductive band of
the substrate (), the second in the area of the valence
band of the substrate (£,) and the third above the top of
the valence band of the oxide (£;). The electrons
which tunnel from the substrate, or which are ther-
mally emitted from the valence band of the oxide, can
get trapped at these trapping centers, thus neutraliz-
ing/compensating them, leading to the decrease of
positive oxide charge. The occupancy of the £, level
(number of positive charge defects on this level) de-
pends on the temperature and positive bias on the gate.
Namely, in case of higher temperature there are a
larger number of electrons in the conductive band sub-
strate, so a larger number of electrons can tunnel to the
trapping centers at that level. Because of this, with the
increase in positive polarization of the gate the height
of the potential tunneling barrier decreases, which in-
creases the probability of electron tunneling at the en-
ergy level E,. The occupancy of the E, level is almost
independent on the annealing temperature; however, it
is highly dependent on the value of the positive bias on
the gate (voltage increase leads to the height decrease
of the potential tunneling barrier and increase in num-
ber of electrons at the valence band substrate near
Si/Si0,). The occupancy of the E; level does not de-
pend on the gate voltage; however, it is highly depend-
ent on temperature (with the temperature increase, in-
creases the number of electrons which can leave the
valence band of the oxide).

Since the change in AV during the annealing at
room temperature is very small (figs. 5-8) it can be
concluded that neither field-assisted nor thermal-as-
sisted emission of electrons from the oxide or silicon
have a significant impact on the neutralization/com-
pensation of positive oxide charge. Namely, the room
temperature and the gate voltage V,,,, =5 V do not acti-
vate energy levels £, E,, and E5. As a consequence,
the information about the absorbed dose is practically
saved up to 600 hours after irradiation. During the an-
nealing at temperatures of 100 °C and 150 °C the, val-
ues of AVy decrease, i.e.the loss of information
about absorbed dose occurs. Moreover, the annealing
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at 150 °C in duration of 600 hours leads to the com-
plete loss of information on absorbed dose. This be-
havior of AV values at elevated temperatures is a con-
sequence of the neutralization/compensation of the
positive oxide trapped charge due to the thermal-as-
sisted emission of electrons from the conductive band
ofthe silicon and the valence band of the oxide (energy
levels E, and E; are activated).

CONCLUSIONS

The paper presents irradiation (for gamma-ray
irradiation doses to 5 Gy) and post irradiation (at room
and elevated temperature) sensitivity of Al-gate
RADFET with oxide thicknesses 0of 400 nm and 1 pm.
The sensitivity was followed on the basis of the thresh-
old voltage shift AV} as a function of the absorbed
dose D and the annealing time. The results show that
there is approximately a linear dependence between
AV; and D, so that the sensitivity can be defined as
AV+/D for the investigated dose interval. After the ir-
radiation dose information is stored at room tempera-
ture for up to 600 hours, which presents their main ad-
vantage in comparison to other dosimeters which are
used in practical purposes. However, the dosimetric
information can be completely erased by heating the
irradiated RADFET for a long time period. By analyz-
ing physical processes which are responsible for the
change in the threshold voltage shift during the irradi-
ation of RADFET, it was concluded that F 'y centers,
which are formed during the irradiation, play the main
role. These centers represent hole traps responsible for
the increase of positive oxide charge during the irradi-
ation. Their density increases with the increase of the
oxide thickness and the gate bias. An insignificant
change in the value of AV, i. e. preserving the infor-
mation about the absorbed dose at room temperature is
a consequence of ficld-assisted and thermal-assisted
emission of the electrons from silicon as well as the
thermal-assisted emission of electrons from the va-
lence band of the oxide, having no significant effect on
the neutralization/compensation of positive oxide
trapped charge. At elevated temperature, thermal-as-
sisted emission of electrons from silicon and from the
valence band of the oxide play a significant role in the
neutralization/compensation of positive oxide trapped
charge which thus leads to the loss of the dosimetric
information. The recovery at 150 °C for the time of
600 hours leads to the complete loss of dosimetric in-
formation (AV = 0) that allows components' reusabil-
ity in dosimetric applications.
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Munmh M. TIEJOBUR

OCET/bMBOCT 1 HECTABUJIHOCT JO3UMETPUICKE MH®OPMAIINJE
RADFET JO3UMETAPA O3PAYNBAHUX I'AMA 3PAYEILEM

HcrpaxkuBana je oceTibuBoct p-kananuux MOSFET-oBa ca ne6munoM okeuga og 400 nmu 1 pm
(Takobe moznaTux kao RADFER i pMOS fo3umeTpn) Ha rama 3pademse 3a oncer fo3a o 0.5 Gy o 5 Gy,
Kao 1 IbUXOB ONIOpaBaK Ha COOHNM M IIOBUIIICHAM TeMIiepaTypama. [Tonapusanuje Ha rejTy TOKOM 3padena
6mne cy 0 V u 5V, ok je TokoM onopaBka uzHocuia 5 V. OceTIbUBOCT TOKOM 3pavea U OMopaBKa je
npaheHa Ha OCHOBY IIpOMEHA HAIOHa Ipara Koju je ofpebuBaH U3 HNPEHOCHUX KapaKTEpPHUCTUKA Y
caTypalyju ¥ MeTojIoM jeiiHe Tauke. [IpaheHa je npomena HamoHa npara AVy y 3aBucHOCTH 071 1o3e D 1
BpeMeHa omnopaBka. Pesynrartu mokasyjy fa mocroju nuHeapHa 3aBuUcHOCT m3Meby AV u D Tako fa ce
OCETIHMBOCT MOXKe AecumHucatH Kao AV /D 3a mcTpaskmBaHU MHTepBai po3a. OmopaBak O3padeHHX
RADFET-a na paznuuutum Temneparypama noues off cooHe o 150 °C je BpiieH paau npahemwa ryoutka
fo3uMeTpHjcke uHpopManmje o amncopOoBaHO] mo3u. Pesynratm mokasyjy ma ce uHpopmaiuja o
ancop0OBaHOj 03U Ha COOHO] TeMrepaTypu ofipxkaa 1o 600 yacoBa, 1ok ce Ha Temnepatypu of 150 °Cy
HOTIIYHOCTH I'yOH 3a UCTO BpeMe. MeXaHnu3MU OITOBOPHM 3a IPOMEHY HAIlOHA IIpara TOKOM O3pauKBakba U
KacHUjeT olopaBKa Takobe cy pa3mMaTpaHu.

Kmwyune peuu: RADFET, aticopbosana 003a, zama 3paderbe, HAllOH Upaza, ouopasax



